Objectives-Detection of B-line in dyspneic patients is often accompanied by abnormal changes of pleural line on transthoracic ultrasonography (TUS). The aim of the study was to evaluate the relevance and diagnostic performance of pleural line abnormalities and B-lines detected on high-resolution TUS against the computed tomography (CT) findings.
relatively low cost, portability for bedside use, and high reproducibility of findings allows for integration of imaging findings with clinical data. 10 Although TUS is not an alternative to CT, it can potentially provide useful supplemental information in certain specific situations, such as for prompt bedside diagnostic evaluation of dyspneic patients.
B-Line is a common and important abnormal sign used for diagnostic evaluation by TUS, [11] [12] [13] [14] but it cannot define the exact underlying pathologic feature on a lung ultrasound. 3, 15, 16 When the lung parenchymal pathology reaches the lung surface, certain characteristic changes of the pleural line can be observed by means of the good visualization made possible by highresolution TUS, but the relevance and validity of pleural-line abnormalities in the differential diagnosis of lung diseases has not been adequately researched. Existing literature on the depiction of the pleural line is sparse, and the shape of pleural line has not been adequately analyzed and described, especially in comparison with CT findings. Most studies that have investigated pleural lines are confined to the subpopulation with interstitial lung disease. [17] [18] [19] [20] Copetti et al reported that abnormal pleural lines were detected in patients with acute respiratory distress syndrome, which could be used for the differential diagnosis with acute cardiogenic pulmonary edema. 16 The aim of the study was to evaluate the relevance and diagnostic performance of pleural-line abnormalities and B-lines detected on high-resolution TUS against the CT findings.
Materials and Methods
Setting and Study Population A prospective, blinded, observational, and single-center study was conducted in an affiliated hospital of the medical college. This study is approved by the ethics committee of Beijing Chao Yang Hospital, Capital Medical University. Written consent was obtained. A total of 155 consecutive patients who were admitted to our emergency department for dyspnea between November 2014 and October 2015 served as the study population. Patients were enrolled in the study when a thoracic high-resolution CT (HRCT) scan without contrast enhancement was ordered by the primary physician. Before the CT scan, a TUS was performed. Exclusion criteria were younger than the age of 18 and traumatic lesions. In addition, pneumothorax, subcutaneous emphysema, massive pleural effusion with atelectasis, and cases with more than a 24-h interval between CT and TUS were also excluded (the first three because the pleural line could not be observed well as a result of gas shielding or the pleural line was too deep to be well investigated, and the fourth because a significant time lapse could modify the appearance of TUS and CT if the underlying disease evolves). Cases with poor-quality ultrasound image were also excluded. Therefore, 39 patients were subsequently excluded. The TUS investigator was aware of the symptoms of the patients but was blinded to the CT findings.
Transthoracic Ultrasonography
The following ultrasonographic equipment were used: Philips CX50 (Philips Ultrasound, Bothell, WA) with L12-3 linear probe (3-12 MHz) and Aloka Prosound F75 (Hitachi Medical Corp of America, Tarrytown, NY) with 5415 linear probe (5-13 MHz). Patients were examined in the lying down or semi-reclining position. Transthoracic ultrasonography examinations were performed on all patients by a single operator (HL) with 2 years' experience in transthoracic ultrasonography. A systematic examination of intercostal spaces was performed. To facilitate comparative assessment of pulmonary lesions, the lung surface was divided into eight areas as described previously. 3, 21 The anterior area of each lung was defined by clavicle, diaphragm, sternum, and anterior axillary line and divided into upper and lower areas. The lateral area was defined by the anterior and posterior axillary lines and divided into upper and lower areas. The area above the fourth intercostal space was defined as the upper area. If more than one type of pleural line were found in the same area, or the lesion was very limited, the anatomic location of abnormal pleural line was recorded along intercostal spaces and body surface lines (parasternal, midclavicular, anterior axillary, midaxillary, and posterior axillary lines), to avoid errors in matching. Results of TUS scanning and location were recorded and compared with CT in the same site, and the sites were grouped into the corresponding area for statistical analysis. For example, the left-third intercostal space on the parasternal line was the left anterior upper area, and the left-third intercostal space on the anterior axillary was the left anterior upper area and left lateral upper area. For the pleural line defined as the surface of the lung and observed primarily by longitudinal view, the corresponding distribution of B-lines was also investigated. The intra-observer reliability was assessed by recording the stored dynamic clips of randomly selected 30 patients in a blinded manner by the same investigator (HL) 1 month after the baseline assessment. The interobserver reliability was assessed by the participation of another investigator (WZ) by recording stored dynamic clips of each patient in a blinded manner.
Interpretation of Transthoracic Ultrasonography
Normal pleural line (Figure 1 ) is a hyperechogenic line and slides with breathing (the visceral pleura and aerated lung is responsible for the formation of this line on the lung surface; air in the lung prevents visualization beyond this line as a result of acoustic impedance).
"A-Line" (Figure 1 ) refers to the horizontal echoic line parallel to the pleural line (reverberation artifact that arises from the pleural line).
"B-Line" refers to the vertical hyperechoic reverberation artifact that arises from the pleural line, moves with respiration, and erases the A-lines. These artifacts are best visible under real-time examination.
Diagnostic Criteria for Abnormal Pleural Line 1. "Slightly rough" pleural line (Figure 2A ) was defined as slight changes of the pleural line; it looked a little rough, and the accompanied B-lines erased the deep boundary of the line, so the pleural line contour was blurred and the pleural thickness was difficult to discern; 2. "Irregular and interrupted" pleural line ( Figure 2B ) was defined as interrupted and obvious disorderly changes of the surface; it was distinct from the consolidations described as a heterogeneous tissular pattern with air bronchograms [22] [23] [24] but with an irregularly collapsed lung surface; 3. "Fringed" pleural line ( Figure 2C ) was defined as a thickened, uniform, continuous distribution of granular surface; 4. "Wavy" pleural line ( Figure 2D ) was defined as wavy lines with possible B-lines in the concavities.
High-Resolution Computed Tomography
High-resolution CT scans were performed from the apex of the lungs to the diaphragm (GE Lightspeed VCT, GE Healthcare, Waukesha, WI; 64 slices). All images were observed and photographed at a window width of 1500 to 2000 HU and a level of 2500 to 700 HU. The acquisition parameters were as follows: sequential mode, 0.625-mm collimation and 10-mm interval, 300 to 320 mA average tube current (depending on body habitus), and 120-KV tube voltage. One radiologist, who was blinded to the lung ultrasound results, interpreted the CT results.
Data Analysis
Data on continuous variables are expressed as mean 6 standard deviation (SD). Categorical variables were expressed as numbers and percentages. Sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) were estimated using a 2 3 2 table. The assessment of intra-observer and interobserver reliability was analyzed using the Cohen k test. A kappa value of 0 to 0.20 was considered poor, 0.21 to 0.40 fair, 0.41 to 0.60 moderate, 0.61 to 0.80 good, and 0.81 to 1.00 excellent. 25 Analyses were carried out using SPSS statistical package, version 20.0 (IBM Corp, Armonk, NY).
Results

Baseline Characteristics
Finally, 116 patients (72 men and 44 women), mean age 67.4 6 12.6 years (range 21-88 years), were enrolled in the study (Figure 3 ). Transthoracic ultrasonography was performed using the Philips CX50 in 102 (87.9%) patients at bedside, and by the Aloka Prosound F75 in the remaining 14 (12.1%).
Pleural Line Changes and Relevance Between TUS and CT Seventy-nine (68.1%) patients had changes in the pleural line. To confirm the corresponding relationship of certain pathologies between TUS and CT, we compared the TUS findings with CT scan in the same area (lesion reaching up to the pleura was a prerequisite for CT scan, because TUS could only detect pathology reaching up to the lung surface). Among 928 areas, a slightly rough pleural line was identified in 81 areas with TUS; the CT identified ground-glass opacity in 80 of these areas (Figure 4A ). In one area that had false positive results on TUS, no discernible subpleural changes were observed on CT. An irregular and interrupted pleural line was identified in 32 areas with TUS; CT identified parenchymal infiltration in all of the areas ( Figure 4B ). A fringed pleural line was identified in 145 areas with TUS; CT identified irregular reticular opacities in 143 areas (Figure 4C) . Lung ultrasound had two false positive areas that occurred in one patient as a result of the presence of focal peripheral bronchiectasis with bronchial wall thickening. A wavy pleural line was identified in 29 areas with TUS; CT identified emphysema in 27 areas ( Figure  4D ). The two false positive areas occurred in two patients as a result of severe cystic bronchiectasis that had involved the pleural surface.
A concordance test between operators HL and WZ showed a kappa coefficient of 0.85, whereas the intraobserver kappa coefficient was 0.94.
Diagnostic Performance of Pleural Line Abnormalities on TUS Compared With CT
To evaluate the diagnostic performance of pleural-line abnormalities on TUS compared with CT findings for those four types of pathological abnormalities in patients with dyspnea, the analysis of each patient is presented. Transthoracic ultrasonography was considered positive when at least one area had an abnormal pleural line and the CT showed the corresponding result in the same area. Sensitivity, specificity, PPV, and NPV for each patient are given in Table 1 .
Sixty-eight cases were positive for at least one area of ground-glass density in CT; among these, 47 cases had slightly rough pleural lines in TUS. Transthoracic ultrasonography showed false negative results in 21 cases; 13 cases had coexisting findings of interstitial fibrosis in the same areas of the lung; lesions had not involved the pleura in five cases; and the lesions in the posterior portion of lung were missed in three cases. In one patient who had false positive results on TUS, no discernible subpleural changes were observed on CT. Among 46 cases with at least one area of parenchymal infiltration in CT, 20 showed an irregular and interrupted pleural line on TUS. This type of pleural line was accompanied by localized pleural effusion and visible micro-consolidations. Transthoracic ultrasonography showed false negative results in 26 cases; in 19 cases the lesion had not involved the pleura; and in 7 cases, the lesions were in the posterior lung field and were not detected.
On CT imaging, 31 cases were positive for irregular reticular opacities; of these, 29 had fringed pleural lines on TUS. Transthoracic ultrasonography showed false negative results in two cases (reticular opacities in the posterior lung field, and false positive results in one case (focal peripheral bronchiectasis with bronchial wall thickening)).
The CT radiographs of 53 cases were positive for emphysema; 19 had wavy pleural lines. The TUS study yielded false positive results in two patients (severe cystic bronchiectasis, which had involved the pleural surface). Table 1 provides the high specificity and PPV for each pathology on TUS compared with the corresponding pathology that CT found. Emphysema indicated by wavy pleural line, and parenchymal infiltration indicated by irregular and interrupted pleural line had a low sensitivity (36 and 43%, respectively); these two types of abnormalities showed a lesser tendency to involve the subpleural lung parenchyma in CT imaging. However, the sensitivity for fringed pleural line indicating irregular reticular opacities was high (94%).
Accompanied B-Line
Confluent B-lines could be seen accompanied by slightly rough pleural line and irregular and interrupted pleural line in all cases (100%). When irregularly thickened interlobular septa existed, fringed pleural lines were often accompanied by scattered B-lines (n 5 7) ( Figure 5A ). However, when irregular reticular opacities and groundglass abnormality appeared in the same area (n 5 22), the B-lines appeared to be confluent, and the pleural lines were still fringed ( Figure 5B) . B-Lines could be seen in the concavities of wavy pleural line.
Coexistence of Different Pleural Lines
In the present study, the coexistence of abnormal pleural lines was found (n 5 31, 26.7%). When slightly rough pleural line and irregular and interrupted pleural line were found in the same patient, CT suggested pulmonary infection (n 5 6); when fringed pleural line and irregular and interrupted pleural line were found in the same patient, CT suggested interstitial fibrosis plus infection (n 5 5); when slightly rough pleural line and fringed pleural line were found in the same patient, CT suggested interstitial pneumonia (n 5 12); when fringed pleural line and wavy pleural line were found in the same patient, CT suggested combined pulmonary fibrosis and emphysema (n 5 2) and pulmonary fibrosis plus Note: Transthoracic ultrasonography was considered positive when at least one area had an abnormal pleural line, and CT showed the corresponding result in the same area. Sens, sensitivity; Spec, specificity.
traction bronchiectasis (n 5 1); when slightly rough pleural line and wavy pleural line were found in the same patient, CT suggested emphysema complicating infection (n 5 5). The detailed hemithorax analysis was also presented. Of the 47 patients (CT indicated ground-glass opacity) with slightly rough pleural line, 16 exhibited bilateral and 31 exhibited unilateral lesions. When bilateral abnormalities were found, the most frequent diagnoses were interstitial lung disease (n 5 12, 75%). When unilateral abnormalities were found, the most frequent diagnosis was pneumonia (n 5 28, 90%). Most (90.1%) of the irregular and interrupted pleural line suggested inflammatory lung diseases either unilaterally (n 5 13) or bilaterally (n 5 7). The vast majority (n 5 28, 96.6%) of the fringed pleural line were present bilaterally.
Discussion
Dyspnea is a common symptom in the emergency department. Differential diagnosis of dyspnea is critical to its management. Ultrasonography is an inexpensive, noninvasive, reproducible imaging technique for the diagnosis of diseases affecting the pleura and the peripheral regions of the lungs.
Because of a distinct difference in acoustic impedance, the interface of the air in the lung and the soft tissues generates a thin hyperechoic line. It is visible as a white band with an average thickness of 2 mm with a 3.5-to 5-MHz convex probe. 26 When an 8-to 12.5-MHz linear probe is used, the visible thickness of the pleural line is 1 mm; however, the thickness of the white line does not correspond anatomically to the pleura. In dynamic ultrasound image, visceral pleural movement is seen with respiration (lung sliding sign), and parietal pleura is fixed to the chest wall. On TUS, the pleural line is the surface of the lung that represents the visceral pleura. When the lung parenchymal pathologies reach the lung surface, certain characteristic changes of the pleural line can be observed with TUS. A linear probe has been used to examine the pleural-line abnormalities as well as peripleural changes (eg, subpleural micronodules, minimal pleural effusion) because of its high spatial resolution. 27 B-Line refers to a reverberation artifact that is described widely in the published literature. 12, 16, [28] [29] [30] [31] The possible origin of these vertical artifacts include interlobular and/or intralobular septal thickening; increase in the lung parenchymal water content; pleural irregularities; and subpleural microconsolidations. 4 The artifacts have been shown to be useful in distinguishing among cardiogenic pulmonary edema, pneumonia, chronic obstructive pulmonary disease, pulmonary embolism, asthma, and pneumothorax. 6, 31 However, a simple observation of B-line is not enough for differential diagnosis of the causes of dyspnea. 15, 16 Moreover, different pathological changes could coexist in one patient, so it is necessary to take into account the pleural line changes.
On CT scan, ground-glass opacity appears as a hazy increased opacity of lung with preservation of bronchial and vascular margins. This may be caused by partial displacement of air, partial collapse of alveoli, interstitial thickening, increased capillary blood volume, or a combination of these. 32 When these changes involve the subpleural place, normal echoic pleural line tends to become obscure and slightly rough. A-Lines in the corresponding area are replaced by confluent B-lines. In the present study, infectious lesions were localized and tended to be unilateral, whereas lung interstitial diseases were diffuse and tended to be bilateral. In one case, TUS identified slightly rough pleural line, whereas CT did not recognize ground-glass opacity (false positive case). The time interval between the two imaging techniques might be the reason for this discrepancy.
When parenchymal infiltration approaches the pleura, the corresponding CT scans appear as an inhomogeneous increase in pulmonary parenchymal that obscures the margins of the vessels and airway walls as a result of the alveolar capillary insult and alveolar flooding 33 ; irregular and interrupted pleural lines may be observed; and what's more, high-resolution ultrasound could distinguish minimal pleural effusion from microconsolidations accompanied with this type of pleural line.
Computed tomography is considered a sensitive diagnostic tool for confirmation of pulmonary fibrosis. 34 Reticular pattern is usually present in the lung periphery (as a result of which TUS displays high sensitivity; see Table 1 ) and represents intralobular and interlobular septa thickening and honeycombing. 35 Previous studies have shown that the presence of multiple B-lines with distances of 3 and 7 mm are representative of groundglass and of subpleura interlobular septa thickening, respectively. 11, 14 In one study of 61 patients with interstitial lung disease, the distance between each two adjacent B-line correlated with the degree of interstitial affection on chest HRCT (Warrick score). 14 In contrast, other studies have suggested that the number of B-line correlated with the score. 36, 37 To the best of our knowledge, in patients with interstitial lung disease, the affection of alveolar wall by inflammatory cells and edema (indicated by ground-glass area in HRCT) gives rise to more numerous confluent B-lines; and subpleural interlobular septa thickened by deposition of collagen and fibrous tissues (indicated by reticular pattern in HRCT) gives rise to B-lines with wide distance. In the present study, when an irregularly thickened interlobular septa existed, fringed pleural lines were often accompanied by scattered B-lines, but when ground-glass opacity and irregular reticular opacities appeared in the same areas, fringed pleural lines were accompanied by confluent Blines.
Apart from centrilobular emphysema, other types of emphysema are likely to reach the subpleural space (eg, paraseptal emphysema, panlobular emphysema). When emphysema was characterized by predominant involvement of the distal alveoli and the ducts and sacs, subpleural low-attenuation regions (distal alveoli and ducts and sacs 8 ) separated by intact interlobular septa are discernible on CT scan. The lung tissue between the interlobular septa is convex, whereas the interlobular septa spacing is concave; the wavy changes of pleural line could be found, and the thickened interlobular septa tended to generate a reverberation artifact. Occasionally, a false positive wavy appearance of pleural line may be seen in cases in which severe cystic bronchiectasis involves the pleural surface.
Study Limitations
First of all, lung ultrasound was performed on the anterior and lateral chest areas to avoid displacement of patients, and contributed to an increased yield of false negatives. Second, in the present study, emphysema indicated by wavy pleural line and parenchymal infiltration indicated by irregular and interrupted pleural line had a low sensitivity; this is likely attributable to these two types of abnormalities showing a lesser tendency to involve the subpleural lung parenchyma. However, the specificity and PPV were high, so it is still important for the diagnosis and differential diagnosis for dyspneic patients in the Emergency Department. Third, for patients with obesity, massive pleural effusion, pneumothorax, and subcutaneous emphysema, visualization of pleural line is often challenging. In addition, adequate interpretation of the pleural lines profile requires some experience, so the level of proficiency of operators is a key determinant of a correct diagnosis. Furthermore, apart from changes of pleural line and B-line, some other important findings such as consolidations and atelectasis are also of interest for evaluation by TUS. However, we restricted the scope of the study to pleural line and corresponding B-line, as we believe that a combination of more abnormal signs is likely to be of more diagnostic value in clinical settings. Finally, the fact that this study was conducted in a single institution may limit the generalizability of our findings.
In conclusion, we describe four common patterns of pleural line abnormality and accompanying B-lines with their corresponding findings on CT radiograph patterns. This may be helpful in identifying the specific pathology with TUS, adding diagnostic value in the emergency evaluation of dyspneic patients, and making a comprehensive and accurate diagnosis in patients with possible coexistence of multiple pathologies.
